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Abstract
In the development and advancement of metal additive manufacturing (AM) processing,
the effectiveness of mechanisms related to strengthening in heritage alloys are being reevaluated. In traditional fabrication processing, dispersion strengthening uses a second phase to
strengthen the base metal. Dispersion strengthening relies on the incorporation of nano-sized
particles, created through rapid solidification during argon gas atomization, into the matrix.
Since Copper based alloys are used in high heat flux environments, the effectiveness of the
dispersion strengthening mechanisms at elevated temperatures for AM processed alloys must be
reevaluated. Subjecting the AM processed Cu alloy to elevated temperatures for various times
allows the long-term stability of the dispersions to be evaluated. To select the appropriate time
and temperatures for evaluation, the literature was reviewed with respect to conventionally
processed Copper alloy, GRCop-84. Following the exposure to various temperatures for various
times, the hardness data and dispersion size were analyzed and compared to data from
conventional processing. Due to the similarity between GRCop-84 and GRCop-42, the
GRCop-84 data will be used as a comparison.
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Introduction
Copper (Cu) has often been chosen for high heat flux applications due to its high thermal
and electrical conductivity. Although Cu is a great conductor, pure Cu is low in strength
therefore limiting its applications. Alloying can be used to increase the strength of pure Cu;
however, it is important that the high conductivity of Cu is preserved. While there are many
different strengthening mechanisms available, dispersion strengthening is one the most viable
mechanisms for strengthening Cu while retaining its high thermal and electrical conductivity [1].
Dispersion Strengthening
Dispersion strengthening is a strengthening mechanism that is used in alloys in which the
alloying elements have minimal solid solution solubility. During processing, they phase separate
and form intermetallics that disperse throughout the matrix. Since dispersion strengthening does
not depend on solubility, higher concentrations of the alloying elements can be used with
stoichiometric ratios of the desired intermetallic. The strength of a dispersion strengthened alloy
heavily relies on the shape of, distance between, and arrangement of the dispersions in the matrix
[2]. A fine arrangement of closely packed dispersions will result in an alloy that is more resistant
to grain growth, creating a more thermally stable alloy at elevated temperatures [3]. There are a
few methods to obtain this dispersion arrangement such as, mixing the particles directly into the
melted alloy, internal oxidation, precipitation by a chemical reaction, mechanical alloying, and
rapid solidification [4]. Each these methods work; however, rapid solidification, or powder
metallurgy, is used most often. To get uniformly sized powders, conventional argon gas
atomization is used. Shown below in Figure 1 is a schematic of argon gas atomization.
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Figure 1: Schematic of Argon Gas Atomization
Gas atomization begins by melting down an alloy in the melting chamber. The melt is
then directed through a nozzle which forms a melt stream. Argon gas is then directed toward the
stream which forms uniformly sized particles. The particles then fall and cool once they contact
the metal collection plate [5]. Once the powder is formed, there are many methods to consolidate
the powder into useable material. A few of these methods are as follows: sintering, direct
extrusion into round or rectangular shapes, and vacuum plasma spraying (VPS) [3,6]. The
powder formed during argon gas atomization can also be used in certain additive manufacturing
(AM) processes.
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Laser Powder Bed Fusion (L-PBF)
A schematic of the L-PBF process is shown below in Figure 2. For this AM method, a 3D
model is sliced into layers and adequate support structure is added. Each layer of the modified
model is one deposition layer in the print. To begin the print, the roller evenly distributes a
powder across the substrate and the laser then fuses the powder together pass-by-pass. Once one
layer is completed, the fabrication piston is lowered, and the process begins again on the next
layer.

Figure 2: Schematic for L-PBF Process
L-PBF offers a high resolution and near-net shape for the fabricated object due to the size
of the powders used as well as the control the laser offers in terms of managing the melt pool and
solidification of the deposition layers [7]. This reduces the need for additional manufacturing
post-fabrication reducing the cost of manufacturing.
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Objective of Study
Previous studies have shown that dispersion strengthened GRCop-84 is slow to coarsen
which results in better strength properties at elevated temperatures for designated periods of time;
however, this research has only been conducted on traditional manufacturing processes for
powdered alloys, the most common being direct extrusion and vacuum hot pressing. Due to the
increased interest in AM, it is important to study how the microstructure and mechanical
properties are affected in the printed material. This thesis will focus on the stability of L-PBF
GRCop-42 at elevated temperatures and compare the results to data gathered from previous
studies.
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Background
The GRCop family is a group of dispersion strengthened alloys which were developed by
NASA to maintain its strength during high heat flux applications while still preserving coppers
high thermal and electrical conductivity. GRCop-84 was created to provide this stability at
elevated temperatures while exceeding the creep and low cycle fatigue properties of NARloy-Z
which at the time acted as the shuttle main engine combustion chamber liner [6]. Although this
alloy met the necessary requirements, further increases in thermal conductivity were obtained by
reducing the alloying element concentration by half to provide a 10% increase. [8].
Properties of GRCop-42
GRCop-42 is a Cu-Cr-Nb alloy that contains 3.1-3.4 wt. % Cr and 2.7-3.0 wt. % Nb.
This alloy obtains its strength through a fine arrangement of dispersions. The binary phase
diagrams shown in Figures 3, 4, and 5, provide a basis for understanding the equilibrium states.
Binary phase diagrams for Nb and Cr with Cu are shown in Figure 3 and Figure 4, respectively,
and indicate negligible solubility. This simply means that when melted together, the Cr and Nb
will not go into solution with the Cu and instead will remain separate from the Cu matrix. Figure
5 shows the equilibrium phase diagram for Cr-Nb.
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Figure 3: Cu-Nb Phase Diagram [9]

Figure 4: Cu-Cr Phase Diagram [9]
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Due to negligible solubility, Cr and Nb alone will not strengthen the Cu. Thus, the
strengthening in this alloy system comes from the Cr and Nb dispersions. The weight
percentages of Cr and Nb are almost equal; therefore, the Nb and Cr atoms present in the alloy
will form intermetallic bonds with one another creating the Laves phase Cr 2Nb. This phase is not
soluble in Cu therefore it must be dispersed throughout the matrix hence the name dispersion
strengthening [10]. The dispersions strengthen the alloy by acting as dislocation pinners, which
when combined with the high melting point of the dispersion, slows grain growth at elevated
temperatures up to 94% of the melting point of the alloy [4,11]. This lack of solubility also
allows GRCop-42 to retain its high electrical and thermal conductivity due to the purity of the Cu
matrix [12].

Figure 5: Cr-Nb Phase Diagram [9]
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The Stability of Traditionally Manufactured GRCop-84
Much of the research on the GRCop family of alloys was conducted on traditionally
manufactured GRCop-84. The most common traditional consolidation methods include direct
extrusion and vacuum hot pressing. Research using both consolidation methods will be
addressed for comparison to L-PBF GRCop-42. The behavior of both alloys can be compared
with one another because the same strengthening dispersion are use. The only difference between
the two is the amount of the dispersions in the alloy. As a result, it is expected that GRCop-84
will be stronger than GRCop-42 due to double the number of dispersions; however, both alloys
will show similar trends when exposed to times at temperatures. By treating the traditionally
manufactured GRCop-84 as a control group, the effects of the L-PBF process on GRCop-42 can
better be examined.
In this study, the microstructure of the samples along with the hardness of the samples
will indicate how much the dispersions coarsen when exposed to times at temperature. The
microstructure allows for dispersion size analysis to be conducted on each sample to observe the
coarsening of the dispersions, and the hardness data shows the decrease in strength due to the
coarsening of the dispersions. Both indicators are addressed in many studies examining GRCop84’s stability. Shown in Figure 6 are the hardness measurements for a vacuum hot pressed
GRCop-82 alloy that were heat treated at a variety of times and temperatures.
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Figure 6: Hardness Data for Vacuum Hot Pressed GRCop-84 [11]
It is apparent that the strength of the alloy does indeed decrease as the time at temperature
increases for 800℃ and 1000℃. Now for comparison, in Figure 7 the Vickers Hardness
measurements for directly extruded GRCop-84.

Figure 7: Hardness Data for Directly Extruded GRCop-84 [10]
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Like Figure 6, as the temperature increases, the hardness of the sample decreases. Both
the directly extruded and the vacuum hot pressed GRCop-84 samples see a large decrease in
strength as the material is exposed to extreme temperatures for extended periods of time.
Although the data in Figure 6 for 800℃ and 1000℃ show a decrease in strength over
time, this trend does not apply to the specimens held at 600 ℃, the strength of the material
slightly increases as the time increases. This phenomenon can be explained by a bimodal
distribution of Cr2Nb dispersions caused by precipitation strengthening. Because Cr and Nb have
some solubility in Cu as indicated by their phase diagrams, some of the Cr 2Nb particles will go
into the Cu matrix during the solidification process while the rest of the Cr 2Nb particles are
dispersed throughout the Cu matrix, typically at grain boundaries [13]. During the early stages of
exposure at elevated temperatures, the limited solubility of Nb and Cr precipitate to form Cr 2Nb
in the Cu matrix. These precipitates are smaller than the primary dispersions (nano scale
compared to micro scale) and are referred to as secondary dispersions. While the primary
dispersions tend to form at grain boundaries, the secondary dispersions form within the Cu
grains. The coarsening effects are not as prevalent at lower temperatures; therefore, the
precipitation of secondary dispersions strengthens the material [10]. The Cr 2Nb particles will still
precipitate out of the matrix when specimens are held at higher temperatures and longer times;
however, the higher times at elevated temperatures coarsen the primary dispersions and reduce
the number of secondary dispersions.
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Experimental Procedure
Specimen Sectioning
The material used for this study was identified as a witness bar from a L-PBF process.
Each witness bar is 14” long, 1” wide, and 1/4” thick. Because temperature gradients from the
printing process can affect the microstructure of the specimens, the sections at the top of the print
were chosen for this study. The sections used for this study are sections 1, 2, 4 and 5. The raw
material and sections are shown in Figure 8.

a

b
Figure 8: (a)Raw and (b) sectioned L-PBD GRCop-42

To mitigate any change in the microstructure due to heat during cutting, a horizontal band
saw with flood coolant was used for the initial cut. All cutting after the initial cut is done with an
abrasive saw and flood cooling to further mitigate changes in the microstructure.
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Heat Treatment Schedule
Using data collected from research conducted on traditionally manufactured GRCop-84,
a series of times at temperature were generated to test the stability of the dispersion
strengthening mechanism in L-PBF GRCop-42. A variety of studies concluded that temperatures
at or above 1000 ℃ for times at or over 20 hrs led to reduced strength in GRCop-84 [10,11,13].
Based on these studies, a set of 4 times at temperature were selected as shown in Table 1.
Table 1: Experimental Heat Treatment Schedule to Test Dispersion Coarsening
Sample
Temperature (℃)
Time (hr)
GRCop-42 As-Built

0

0

GRCop-42 1000℃ 1 hr

1000

1

GRCop-42 1000℃ 10 hr

1000

10

GRCop-42 1000℃ 20 hr

1000

20

The specimens were taken, as shown in Figure 8b, and were tightly wrapped in stainless
steel foil to prevent oxidation during the heat treatment. Each specimen was put in the furnace
prior to the furnace reaching the selected temperature. This allows the temperature of the
material to heat with the furnace to ensure the internal sections of the material reach the desired
temperature for the desired time. Once at the indicated time, each specimen was removed from
the furnace and was quenched in room temperature water until cool.
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Specimen Prep
Following the heat treatment, each specimen was cut and mounted in phenolic using a
Buehler mounting press with the following parameters:


Temperature: 149 ℃ (300 ℉)



Heat Time: 6 minutes



Cool Time: 4.5 minutes



Pressure: 27.6 MPa (4000 psi)

A set of samples representing the XY build plane and Z build direction orientation were mounted
in a phenolic mount. Due to the L-PBF process, it is expected that the dispersions will be
equally distributed through both directions, however, the Cu grain morphology may vary.
After mounting, each specimen was metallurgical prepared using SiC pads at 240, 320,
400, 600, 800, and 1200 grit. The samples were ground at each grit for 1 minute 30 seconds.
Between each grit, the specimen was thoroughly rinsed with water, followed by acetone and then
methanol to properly clean off any debris. The surface of each specimen was then inspected and
remained on the same grit until no noticeable scratches were visible. This process was repeated
until no noticeable scratches were visible after grinding at 1200 grit.
After grinding, the specimens were polished using a Final A pad and 1 µm alumina
powder. The pad was first wet and saturated with an alumina/water mixture. The samples were
then put into the auto polisher and polished in 3 minutes segments to allow visual inspection.
After the scratches were no longer visible, the sample was thoroughly rinsed with water,
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followed by acetone and methanol. This ensures that no polishing medium remains on the
sample.
Optical Microscopy
Following the polishing procedure, the four samples were optically imaged across a range
of magnifications using a Zeiss AXIO Vert. A1 Inverted Microscope. Images were taken in the
un-etched condition to evaluate the dispersions and inspect for any porosity. Since there was
little variability in the XY and Z directions, images were only taken of the XY orientation.
Representative images were taken at 20x, 50x, and 100x magnification for use in image analysis.
To quantify the coarsening of the dispersion within these samples, ImageJ was used to do
a dispersion size analysis of the GRCop-42 As-Built sample and the GRCop-42 1000℃ 20 hr
sample. These two samples were chosen to compare how much the dispersions coarsened at the
maximum time at temperature relative to the as-built sample. The images for analysis were taken
at 100x magnification to ensure that the primary dispersions were at least 10 pixels across.
Enough images were taken so that a total of 100 dispersions were included in the analysis. Due
to the large amount of dispersion in the alloy, only one image of each sample was necessary for
analysis. Once the data was collected, to remove any noise, particles that contained less than 4
pixels were removed from the data set. Since the images were taken at 100x magnification, 1
pixel in the image is 21.7 microns. Using this ratio, after analysis, if the area of the particle was
less than 0.008 µ2, then the particle is considered noise and is removed from the data set.
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Rockwell B Hardness Measurements
Using the Wilson Series 574 Rockwell Hardness Tester, 3 Rockwell B hardness
measurements were taken for each sample in both the XY and Z directions. Each measurement
was taken 10 indents apart per the ASTM standard E18. The average and standard deviation for
each orientation of each sample was calculated.
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Results
Optical Microscopy
Initial images were taken of the GRCop-42 As-Built sample to evaluate the visible
microstructural features. There was concern regarding resolution since the dispersions were
expected to be approximately 1µm in diameter. To obtain resolution required magnification 50x
magnification to 100x magnification as seen in Figure 9. Similar images of the GRCop-42 AsThe dispersions within the Cu matrix are highlighted by arrows in Figure 9. Most of these
dispersions are small, approximately 0.5-1µm in diameter; however, there are some larger
around 5 µm in diameter.

(a)

(b)
Figure 9: GRCop-42 As-Built Representative Image (a) 50x and (b) 100x magnification
The dispersion size analysis for the GRCop-42 As-Built sample and the GRCop-42

1000℃ 20 hr sample is shown in Table 2. The average dispersion size along with the area
fraction are shown for each sample. The analysis shows that the dispersions do indeed coarsen
when exposed to temperatures at 1000℃ for 20 hr.
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Table 2: Dispersion Size Analysis Results
GRCop-42 As-Built

GRCop-42 1000℃ 20 hr

Average Dispersion Area (µ2)

0.15 ± 0.21

0.21 ± 0.34

Area Fraction (%)

0.87

1.74

Rockwell B Hardness Measurements
The hardness measurements taken for each of the 4 samples tested are shown in Table 3.
As anticipated, and as shown by the optical microscopy and dispersion size analysis, the
hardness of the samples does decrease as the time at temperature increases which indicates a loss
of strength.
Table 3: Rockwell B Hardness Data for GRCop-42 Samples
HRB
GRCop-42 As-Built

52.7 ± 1.53

GRCop-42 1000℃ 1 hr

53.3 ± 0.78

GRCop-42 1000℃ 10 hr

50.8 ± 0.45

GRCop-42 1000℃ 20 hr

45.8 ± 0.85
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Discussion
Orowan Strengthening in L-PBF GRCop-42
A dispersion strengthened material obtains its strength due to the interactions between the
dispersions and dislocations in the material. This interaction is referred to as Orowan
strengthening [3]. As the dislocation travels through the material, if the dispersions are large
enough to withstand a shear force strong enough to bow the dislocation, the dislocation will bow
around the dispersions and leave behind dislocation loops as shown in Figure 11.

Figure 11: The Orowan Model of Dislocation Bowing Leading to Increased Strength [3]
If the dispersions are too small, the shear force required to bow the dislocation will be too large
and will shear the dispersions resulting in a faulted plane. An example is shown in Figure 12.

Figure 12: Example of Smaller Particles Subjected to Shearing [3]
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Simply stated, if 𝜏
but if 𝜏

<𝜏

then the dislocation will bow around the dispersions

>𝜏

then the dispersions will be cut along the dislocation. The critical size of

the dispersions can be estimated by setting the stress required to shear the dispersions equal to
the shear stress required to bow the dislocation line. The equations for both the Orowan shear
stress and the dispersion shear stress are shown in Equations 1 and 2 where 𝑟 is the dispersion
radius, b is the burgers vector, G is the shear modulus, x is the length of the dislocation between
dispersions, and 𝛾 is the specific interface energy [3].

𝜏
𝜏

=

(1)

=

(2)

By setting each equation equal and solving for the dispersion radius, the simplified
equation to determine critical dispersion size is illustrated in Equation 3.

(3)

𝑟 =

The values used to determine the critical dispersion size are as follows:

𝐺 = 45 𝐺𝑃𝑎[14]
𝑏 = 0.25 𝑛𝑚 [14]
𝛾 = 1650

[15]

Using these values, the critical dispersion diameter to allow for dislocation bowing is 1.085 nm.
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Table 4 compares the critical dispersion diameter and the average feret diameter for the
dispersions in the GRCop-42 As-Built sample and the GRCop-42 1000℃ 20 hr sample. The
same comparison is drawn between the critical dispersion diameter and the minimum feret
diameter for each of the samples and is shown in Table 5.
Table 4: Comparison Between Critical Dispersion Diameter and Feret Diameter for
GRCop-42 As-Built and GRCop-42 1000℃ 20hr
Critical Dispersion
GRCop-42 As-Built Average
GRCop-42 1000℃ 20hr
Diameter (µm)
Feret Diameter (µm)
Average Feret Diameter (µm)
1.085 × 10-3

0.535 ± 0.44

0.622 ± 0.44

Table 5: Comparison Between Critical Dispersion Diameter and Minimum
Feret Diameter for GRCop-42 As-Built and GRCop-42 1000℃ 20hr
Critical Dispersion GRCop-42 As-Built Minimum
GRCop-42 1000℃ 20hr
Diameter (µm)
Feret Diameter (µm)
Minimum Feret Diameter (µm)
1.085 × 10-3

0.089

0.091

The average feret diameter for both samples as well as the minimum feret diameters are well
above the critical diameter in which Orowan strengthening will take effect. This explains why
GRCop-42 is often chosen to be used in high heat flux applications. Although the dispersions do
coarsen, the material still retains a significant amount of its strength.
Comparison of L-PBF GRCop-42 to Traditionally Manufactured GRCop-84
Although both L-PBF GRCop-42 and traditionally manufactured GRCop-84 experience
dispersion coarsening and subsequently a decrease in strength, there is one noticeable difference
between the dispersions in both alloys which is the lack of a bimodal distribution of dispersion in
L-PBF GRCop-42. Using the data gathered from the dispersion size analysis, a histogram of the
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feret diameter of the dispersions were generated for both the GRCop-42 As-Built sample and the
GRCop-42 1000 ℃ 20 hr sample and are shown in Figures 13 and 14.

0.5

1.0

1.5

2.0

Feret Diameter of Dispersions (µm)

Figure 13: Histogram of Feret Diameter vs Frequency for GRCop-42 As-Built

0.5

1.0

1.5

Feret Diameter of Dispersions (µm)

Figure 14: Histogram of Feret Diameter vs Frequency for GRCop-42 1000℃ 20 hr
In GRCop-84, there is a bimodal distribution of dispersions which are referred to as
primary and secondary dispersions. The primary dispersions are approximately 1 µm while the
secondary dispersions range in size from 24-76 nm [13]. In the L-PBF GRCop-42; however,
25

there is a skewed right distribution of dispersion sizes for both samples that range from 0.1442.679 µm for GRCop-42 As-Built and from 0.144-3.949 µm for GRCop-42 1000℃ 20 hr. There
is a noticeable shift in the peak between the two histograms indicating that the average size of
the dispersions did get larger for higher times at temperature; however, there is no recognizable
bimodal distribution. Due to the optical resolution’s limitations; the images would not be
expected to resolve the smaller secondary dispersions. This would explain why there are no
nanoscale particles as seen in traditionally manufactured GRCop-84.
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Conclusion
This study sets the framework for future research pertaining to L-PBF processed GRCop42 regarding the microstructure and stability of the dispersions. The optical microscopy and
dispersion size analysis both show that L-PBF GRCop-42, like traditionally manufactured
GRCop-84, coarsens at temperatures of 1000 °C when held for 100 hrs. The increase in
dispersion area as well as the increase in volume fraction of dispersions in the material shows
that the number of primary dispersions decreases as they grow larger. The HRB measurements
shown in Table 3 also indicate coarsening by a decrease in hardness between each of the 4
samples tested. Because there are less finely dispersed dispersions, dislocations can move more
freely within the Cu matrix making the material weaker.
Major findings in this study include:


L-PBF GRCop-42 displayed primary dispersion coarsening at 10 hr at a temperature of
1000℃ and corresponding reduction in strength as evidenced by the hardness data. The
hardness reduction was most noticeable at 20 hrs.



The trends in observed in L-PBF GRCop-42 were similar to those reported in
traditionally manufactured GRCop-84.



There is a bimodal distribution of dispersions reported in traditionally manufactured
GRCop-84 that were not noticed in this study on L-PBF GRCop-42
o This is most likely due to limited resolution of the optical microscopy that would
not show the nanoscale secondary particles
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Future Work
The current research laid the groundwork for evaluating the behavior of the dispersions in
L-PBF GRCop-42. For better resolution of the smaller, secondary dispersions, higher
magnification imaging in a scanning electron microscopy (SEM) is recommended. With a
higher magnification, the secondary particles described in traditionally manufactured GRCop-84
could possibly be seen in L-PBF GRCop-42. If not, then an explanation for the differing
microstructures would be the next objective. One area of interest could be observing the Cu grain
size and morphology and how they behave during times at temperature. In addition, further
evaluation of the influence of the melt pool currents on the dispersion of the Cr 2Nb particles
would be beneficial
To further quantify the effect of time at elevated temperature on mechanical strength and
ductility of the L-PBF GRCop-42, specimens heat treated per Table 1 could be tension tested to
develop stress vs strain curves. This would provide data that could be compared to the hardness
measurements for redundancy and repeatability.
By continuing to further explore the effect L-PBF has on GRCop-42, a better
understanding of not only the alloy’s properties but also the effects L-PBF has on the
microstructure of dispersion strengthened alloys can be obtained.
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